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SEMICONDUCTOR LASERS 

BACKGROUND OF THE INVENTION 

This invention relates to a semiconductor laser, and more 
particularly to increase of output power of particular modes 
by suppression of multimode oscillations of a semiconductor 
laser. 

It is well known in the art that the laser action of a semicon 
ductor laser material is initiated when population inversion 
which is produced by pumping input becomes sufficient to 
overcome the loss of the laser. The population inversion is a 
condition under which there are more carriers in the high 
energy state than the low energy state. This condition is also 
called the negative temperature condition. 
A semiconductor laser which radiates coherent light with 

uniformly broadened spectral line exhibits multimode oscilla 
tions like a solid state laser. It is considered that these mul 
timode oscillations are caused by variations of the distribution 
of the negative temperature condition of the laser material in 
terms of time or space. Under the steady state condition, mul 
timode oscillations are caused by the spatial non-uniformity of 
the negative temperature distribution of the laser material. 
The term "spatial non-uniformity of the negative tempera 

ture within an optical resonator ?lled with homogeneous laser 
material" means that the negative temperature distribution 
becomes non-uniform due to the spatial distribution of the 
electric ?eld of oscillating electromagnetic waves. The stand 
ing wave nature of oscillating modes de-excites excess popula 
tion most strongly at anti-nodes and not at all at nodes of the 
electric ?eld. Under these conditions, the excess population 
condition that has not been dissipated in the oscillating mode 
contributes to the gain of other modes, thus causing these 
modes to oscillate. 

It is well known in the art that the multimode oscillations of 
poor spectral purity are harmful to the utilization of the laser 
output for various purposes. Ideally, it is highly desirable that 
the laser output should have a single mode. 

In gas and solid state lasers, the multimode oscillations have 
been suppressed by setting a new boundary condition in the 
optical resonator. With such an approach, however, although 
it is possible to decrease the number of modes, the power of 
the oscillating mode is not improved. 

In the semiconductor laser, in most cases, it is thought that 
mobile electrons and/or holes are related to the radiative 
transition so that if it were possible to mobilize these carriers it 
would be possible to alleviate or eliminate the spatial non 
uniformity of the negative temperature distribution thus con 
centrating the laser output to a single central frequency mode 
or to this central frequency mode and a small number of side 
band modes accompanying therewith. 

It has been reported that in a conventional semiconductor 
laser concerning the mobile carriers of a conductive semicon 
ductor body such spatial non-uniformity of the negative tem 
perature distribution can be partially alleviated by the diffu 
sion of mobile carriers (see for example, a paper of H. Statz et 
al. in "Journal ofApplied Physics" vol. 35 p. 2581 (1964)). 
We have investigated such natural diffusion of carriers and 

found that the effect of mode suppression is not remarkable. 
It is an object of this invention to provide a novel semicon 

ductor laser capable of suppressing undesirable modes among 
multimodes. 
Another object of this invention is to provide an improved 

semiconductor laser having large output power. 

SUMMARY OF THE INVENTION 

According to this invention, a control voltage or ?eld is ap 
plied to a body of semiconductor laser material which is 
caused to radiate a coherent light by a pumping input, and 
thus the carriers contributing to light emission of the body are 
caused to be moved to a portion of large anti-node of electric 
?eld of standing wave for producing the stimulated light emis 
sion at that portion, thus suppressing the oscillation modes. 
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2 
According to this invention there is provided a semiconduc 

tor laser device comprising a body of a semiconductor laser 
material in which a laser action is initiated by a pumping input, 
said body including a plurality of re?ective end surfaces 
formed at opposite ends of the semiconductor body, and at 
least two electrodes secured to said body across which a con 
trol voltage is impressed to mobilize carriers contributing to 
radiation along said plane. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of a semiconductor laser em 
bodying this invention; , 

FIG. 2 is a plot showing the relationship between the pump 
ing parametera and the number of oscillation modes by tak— 
ing the intensity of the ?eld as the parameter; 

FIGS. 3A to SE show characteristics of oscillation spectrum 
calculated by taking the intensity of applied ?eld E as the 
parameter for the case in which pumping parameter a equals 
1.5; . 

FIG. 4 is a plot to explain the time relationship between the 
pumping input and the control input controlling the oscillation 
mode; and 

FIGS. 5 to 8 show perspective views of other different em 
bodiments of this invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring now to FIG. 1 illustrating a preferred embodiment 
of this invention there is shown a semiconductor laser com 
prising a body 1 of a laser material prepared by doping an N 
type impurity or a P-type impurity into a gallium arsenide 
crystal for example. The N-type impurity may be tellurium, sil 
icon or tin, for example, while the P-type impurity may be zinc 
or cadmium, for example, and in each case an impurity con 
centration of about 10"‘lcm3 is preferred. 
On the opposite ends of the body of the laser material 1 are 

formed parallelsurfaces 2 and 3 by grinding or cleavage of the 
crystal. 

Since semiconductor materials generally have a large index 
of refraction, surfaces 2 and 3 function as re?ective surfaces 
for the light impinging thereon and have partial transmissibili 
ty for deriving the light output out of the laser, thus constitut 
ing a Fabry-Perot resonator or cavity in a manner well known 
in the art. Since one of the re?ective surfaces, for example, 
surface 3 is not necessarily required to have transmissibility, 
this surface may be made totally re?ective by vapor depositing 
thereon a relatively thick layer of a re?ective substance, silver 
for example. The other re?ective surface 2 may be deposited 
with a relatively thin layer of the re?ective substance to permit 
partial transmission of the light supplied thereto. 
By a conventional technique two electrodes 4 and 5 are ap 

plied on the opposite ends of the upper surface 6 of the body 
of laser material 1 adjacent end re?ective surfaces 2 and 3. 
A preferred electrode material is for example an alloy of 

gold and zinc or an alloy of indium and zinc where the body of 
laser material is comprised by P-type gallium arsenide, or an 
alloy of tin and indium where the body is comprised by N-type 
gallium arsenide. Where a thick silver layer is vapor deposited 
upon one of the end surfaces 2 and 3, this silver layer can also 
be utilized as one of the electrodes. 
A pair of lead wires 7 and 8 made of a suitable electrocon 

ductive material, such as gold, are securely bonded to elec 
trodes 4 and 5, respectively. 
A control voltage is applied across lead wires 7 and 8 or 

electrodes 4 and 5 from a suitable source, not shown, in order 
to move carriers in a direction perpendicular to the re?ective 
surfaces, that is, along the pumping input receiving surface 6. 

It should be noted that the laser action is initiated when a 
pumping power produces an efficient population inversion in 
the energy system of the body of the laser material without ap 
plying a voltage across electrodes 4 and 5. The pumping input 
which may be an electron beam or light beam is indicated by 
arrows 9 and the coherent light output from the laser through 
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the partially transmissive re?ective surface 2 is indicated by an 
arrow 10 as shown in FIG. 1. 
As will be discussed later in more detail, the laser output ob 

tained from the semiconductor laser by applying a pumping 
input but without applying a voltage across electrodes 4 and 5 
contains multifrequency modes and as the mode suppression 
control input voltage' impressed upon the electrodes is in 
creased, the multifrequency modes are gradually suppressed 
starting from those remote from the central frequency mode 
with the result‘that the outputs of the not suppressed modes 
increase gradually. 
The theory of this invention and the results of calculations 

will now be considered with reference to the drawing. In the 
following,~a one-dimensional analysis will be made on an axial 
mode of a Fabry-Perot resonator or cavity having a mirror 
spacing L (distance between both re?ective surfaces). 
The relationship among time‘ t, the negative temperature 

distribution n(z, I) at a portion 2 and the number of photons 
N,(t) of i mode is given by the following coupled rate equa 
tions 

M=W Dginmmzm 

where ‘i represents the value of "(2) at steady state in the 
absence of the stimulated light emission, -r the life of the spon 
taneous emission, g, the gain of i mode and 7', the rate of the 

, loss of the number of photons per unit time. The term E,(z,t) is 
proportional to the energy density of the i mode at time t and 
at portion 2 and is given by the following equation by taking 
into consideration the standing wave. 

E1(z.I)=Nl(r)[1 —- c0s(2mnr/L)zl 
where m, represents an integer designating a mode. 

In the prior art laser, during the oscillation under steady 
state, following relations hold 

dn/dz = 0, dNl/dt = 0 

(3) 
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In this invention, upon application of the ?eld E carriers 7 
having a mobility p. are moved in the direction 1 at a velocity 
of V= uE, and thus following equation holds 

dn 5n 6n 6n 5n 
JZ‘BZJFV are”)? 6g (4) 

By the substitution of these Equations (3) and (4) and the 
7 conditions of steady state (8n/8t=0, dN,~/dt=0) Equations 

T 

Under a condition wherein the pumping input level is not 
substantially higher than the threshold level of oscillation, the 
solution of Equation (5) is given by 

(7) in‘ which hi is given by 

In an actual semiconductor laser, since m, is a large number, it 
is possible to neglect the dependency of h, upon i so that Equa 
tion (8) can be rewritten as 

where A represents the central wave length of the radiation of 
the spectral line. 
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By substituting Equation (7) into Equation (6) the number 

of the photons N, when the laser is oscillating with j modes is 
given by the following equation: 

Considering that diffusion of excess population plays an im 
portant roll for the multimode oscillation of a semiconductor 
laser, Statz et al. added a term 0(0‘n/dt’) (where 0 represents 
the diffusion constant) related to this diffusion to the right 
hand side of Equation ( l) and solved Equation (1) under a 
condition of dn/dt = dN/dr 0 to obtain an equation 
representing N‘. 
On the contrary, Equation (10) derived as above described 

shows that it is equal to the equation of Statz et al. but 
modi?ed by substituting o.= h/ l + h, in the equation of Statz et 
al. where e was de?ned as c= [l X 0r(41r/)\)2]". It will be 
readily understood that application of voltage across elec 
trodes of the semiconductor laser to mobilize carriers causes 
the effect corresponding to natural diffusion. 
The pumping parameter a representing the intensity of the 

pumping input causing the stimulated light emission is de?ned 
by the equation: - __. 

DngiL 

(11) 
Further, assuming that the radiation spectral line is the 

Lorentzian, the gain g, of the 1' mode can be approximated by 
the following equation: 

where 811 represents the spacing between axial modes, and Au 
the half width of the radiation spectral line. 
The emission of a semiconductor laser is governed by vari 

ous factors. Thus, the emission of pure crystals or crystals of 
low impurity concentration is caused by the exitons or the iso 
lated donors or acceptors, whereas in the case of the emission 
of high impurity concentration, it is believed to be caused by 
interband transition since the impurity level is merged to the 
band. With a semiconductor crystal of high impurity concen 
tration application of the voltage mobilizes the carriers which 
contribute the light emission so that the above described 
theory is applicable to the semiconductor laser containing mo 
bile carriers. 

In the P-type laser material spatial non-uniform distribution 
‘ of minority carriers, or electrons cause the multimode oscilla 
tions whereas in the N-type laser material the spatial non 
uniform distribution of the minority carriers, or holes is impor 
tant. Accordingly, in each case it is possible to suppress mul 
timodes by mobilizing the minority carriers by the impressed 

and N-type gallium arsenide semiconductor lasers which are 
presently believed to be the lasers having the best potential 
value in the future. 
The table below shows values of pumping parameter a at 

which from the ?rst to seventh modes oscillate for certain 
values of 811, Av, p, and E where 1 equals 3 X 10'9 sec. 

’ TABLE 

(151) =1><10~2 x=9,000 A. (is!) =2x10-2 x=s,400 A. Av Av 

i= for all E’s__ 1.000 1.000 1.000 1.000 
E=0 V/cm_____ 1.001 1.001 - 1.005 1.005 
i=2: 

1.002 1.001 1.011 1.005 
1.128 1.001 1.586 1.005 
13. 64 1.015 50.11 1. 060 

_ = V/c1n__ 1.007 1.007 1.020 1.020 
1= : 

1 _________ ._ 1.016 1.007 1.070 1.029 
10 ________ ,_ 1. 893 1. 008 5.110 1.034 
100 _______ __ 80. 60 1.106 410.0 1.483 

The following descriptions are made with respect to P-type 
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Table —(,‘ontinued 

11:0 \'/cm. _.._ 1.021 1.021 1.080 1.080 

i _______ __ 1. 04s» 1. 021 1. 216 1.0a; 
10 _ _ . _ . _ _ . _. 3. 813 1.02-1 14.00 1.101 

100_ _ 280.1 1.331 1, 20!! ‘.Z. 528 
E=0 V/cnl _ 1.017 1.047 1.101 1.101 
i=5: 

l__ _ 1.110 1.047 1.400 1.101 
ll] ___ 7.410 1.054 31.08 1.224 
100. _ ,. ,, _ 037. ‘I l. 754 2, ‘J90 45.12 

15:0 \'/r'm . . _ 1.087 1.087 1. 300 1. 360 
i =0: 

I l. ‘10H 1.0H7 l. ‘.138 1. 861 
Ill 13. ‘13 1.100 59.15 1. 425 
lm) 1,2!!! 2. 434i 5, 7X1 7. 782 

l Lil?ll I. 1515 15.015 1.014 

Ion ’, 070 In, (ill) 12.74 

In this case, the spacing 6v between axial modes is assumed 
to be 3 angstroms. As typical values of a gallium arsenide laser 
at room temperature, wave length A of 9,000 angstroms as the 
central wave length of the spectral line and the halfwidth Av of 
300 angstroms of this spectral lines are used. Further, as typi 
cal values at the liquid nitrogen temperature A of 8,400 ang 
stroms and Au of 150 angstroms are used. 
By assuming that the value of mobility of electrons, that is, 

the minority carriers in a high impurity concentration P-type 
gallium arsenide, is substantially equal to that ofelectrons that 
is the major carriers in an N-type crystal, the value of the mo 
bility of 3,000 cm2/V.sec. of electrons is used. And the value 
of the mobility of 100 cm2/V.sec. of holes, or the minority car 
riers in high impurity concentration N-type gallium arsenide is 
used. 
The table shows that in the case of P-type gallium arsenide 

where 8v/Av equals 1 X 10"2 and the mobility p. equals 3,000 
cm2/Vsec., the second mode oscillates at a pumping parame 
ter a of 1.001 in the absence of applied ?eld (that is E = O) 
and that when a ?eld E of 100 V/cm is impressed no oscilla 
tion occurs until a reaches a value of 13.64. This means that as 
the applied ?eld increases, oscillation of sideband modes 
becomes more difficult. , 

FIG. 2 shows the relationship between pumping parameter 
a and the number of oscillation modes, taking the impressed 
?eld E as the parameter. Thus, for example, where pumping 
parameter a equals 1.5, the number of oscillating modes ob 
tained is 19 at an applied ?eld E = 0, 7 when E equals 3 volts 
per centimeter, 3 when E equals 10 volts per centimeter and 
one when E equals 30 volts per centimeter. From FIG. 2, it 
can be noted that the number of oscillating modes decreases 
with the increase of the applied ?eld E. 

FIGS. 3A to 315 show mode spectra obtained by the calcula 
tion for a value of the pumping parameter a of 1.5, again tak 
ing the ?eld E as the parameter. The. relative value of the 
radiation intensities are shown by a common scale for various 
values of E. FIGS. 3A to 3E inclusive show the manner in 
which the respective mode outputs vary dependent upon the 
value of E or the outputs are subjected to intensity modula 
tion. 

More particularly, at an impressed ?eld E above a de?nite 
value, the outputs distributed over multimodes are gathered 
toward a mode at the center of the spectral lines. Thus a single 
mode can be obtained without varying the total output. Or the 
total output is supposed to increase by chance. This arises 
from the fact that where there is impressed an electric ?eld, 
the population which has not contributed to oscillation is 
made to do so due to the presence of the electric ?eld. This 
constitutes a very advantageous feature of the invention when 
compared with the prior art method in which mode suppres 
sion is realized by setting a new boundary condition in the 
resonator. 

According to one example of this invention, P-type gallium 
arsenide of an impurity concentration of about low/cm3 was 
used and a sample was prepared therefrom having standard 
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6 
dimensions, 300 microns long, 300 microns wide and 100 
microns thick. The resistivity p of this sample was 0.01 ohm 
cm. A voltage of 0.3 V was impressed upon the sample giving 
an intensity of the ?eld of 10 V/cm and the current was about 
100 miliamperes. This invention is very advantageous because 
the desired mode suppression effect can be readily provided 
with such low voltage and low current. 
At present, in the semiconductor laser of the type described 

above, the pumping input is generally applied in the form of a 
pulse for the purpose of preventing variations in the charac 
teristics due to heating of the laser body caused by the pump 
ing input. Accordingly, when a control voltage in the form of'a 
pulse or an intermittent current is applied in synchronism with 
the pumping input as diagrammatically shown in FIG. 4 it is 
possible not only to suppress the modes but also prevent varia 
tion in the characteristics caused by the heating of the laser 
element. It is to be understood that the control voltage is not 
limited to a pulse but a DC. or an AC. voltage can also sup 
press the modes. 

Although the above described semiconductor laser is com 
posed of gallium arsenide, this invention is not limited to this 
particular substance and other substances may also be used in 
cluding semiconductor materials of the group Ill-VI com 
pounds such as gallium antimonide, indium‘phosphide, indium 
antimonide and indium arsenide; semiconductor materials of 
the group IV-VI compounds such as lead sul?de, lead selenide 
'and lead telluride; semiconductor materials of the ternary 
- compounds such as gallium arsenide-phosphide, indium-galli 
um arsenide, lead-tin telluride, lead-tin selenide and mercury 
cadmium telluride; and an element such as tellurium. Materi 
als having high mobility of carriers are suitable as the laser 
materials of this invention. Carriers are also mobilized by mag 
netic ?eld instead of electric ?eld. 
Although in the foregoing description, the invention has 

been described in terms of a bulk semiconductor laser element 
of either P-type or N-type material excited by an electron 
beam or light, the principle of this invention is equally applica 
ble to the so-called injection laser including a P-N junction 
between a degenerate N-type crystal and a P-type crystal and 
which is pumped by applying a voltage across the P-N junction 
in the forward direction. ' 

Although in the foregoing embodiment, carriers are mobil 
ized in a direction perpendicular to the re?ective surfaces, as 
shown in FIG. 5 a pair of electrodes 14 and 15 may be 
disposed at the longitudinal edges of the body of the laser ac 
tive material 1 in parallel with the axis thereof to mobilize car 
riers in the direction parailel to re?ective surfaces 2 and 3. In 
the semiconductor laser, ?lamentary oscillations appear on 
the re?ective surfaces often due to non-uniformity of the 
pumping input as well as due to the impurity concentration at 
different portions, but where the carriers are mobilized in 
parallel with the re?ective surfaces the active region becomes 
homogeneous thus eliminating the ?lamentary oscillations. 
Or, an increase of the population in the ?lamentary region in 
creases the laser output. In any case, where the carriers are 
mobilized in parallel with the re?ective surfaces it is possible 
to increase the laser output and to decrease the oscillation 
threshold value. 

FIG. 6 shows a modi?ed embodiment of this invention cor 
responding to a combination of those shown in FIGS. 1 and 5 
wherein carriers are mobilized along the pumping input 
receiving surface 6 and in the direction at an angle with 
respect to the re?ective surfaces 2 and 3. Thus, electrodes 2, 3 
and l4, 15 are secured to the axial end edges and longitudinal 
edges of the body of laser material 1. Again, it is possible to 
vary the oscillation modes and to increase the laser output. In 
addition, ?lamentary oscillations are eliminated. 

In another embodiment shown in FIG. 7, each of the elec 
trodes 4 and 5 shown in FIG. 1 is divided into two electrode 
sections 4A, 4B and 5A, 5B. In this case, a potential difference 
is established between electrode sections 4A and 5A and 
between electrode sections 43 and 58. It is also possible to 
apply a potential difference between electrode sections 4A 
and 4B and between electrode sections 5A and 5B. 
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Although each of the above described embodiments refers 
to a Fabry-Perot cavity having two parallel re?ective surfaces, 
the novel laser may be provided with three re?ective surfaces 
3A, 3B and 2 as shown in FIG. 8. in this construction, re?ec 
tive surfaces 3A and 3B which may be totally re?ective sur 
faces intersect each other at a right angle and each makes an 
angle of 45° with respect to the other partially transmissive 
re?ective surface 2 through which the laser output is derived 
out. Electrode 4 is secured to one end of the body of laser ac 
tive material close to the output re?ective surface while the 
other electrode 5 is disposed close to re?ective surfaces 3A 
and 3B. 

in the embodiments shown in FIGS. 5 to 8, portions cor 
responding to those shown in FIG. 1 are designated by the 
same reference numerals and pumping inputs and lead wires 
have been eliminated for the sake of cleamess. 
What we claim is: a 

l. A semiconductor laser device having suppressed mul 
timode oscillations comprising: ' 
a body of semiconductor laser material for producing a 

coherent light output responsive to a pumping input; 
a surface on said semiconductor body for receiving said 
pumping input; 

a plurality of re?ective faces formed at opposite ends of said 
semiconductor body, the coherent light output being 
derived through at least one of said re?ective faces; and 

at least two electrodes secured to said semiconductor body 
across which a control voltage is impressed to move car 
riers contributing to light emission within said semicon 
ductor body along said pumping input receiving surface 
thereby suppressing multimode oscillations included in 
the light output of said semiconductor body. 

2. The semiconductor laser as claimed in claim 1 wherein 
said re?ective surfaces are formed in parallel with each other 
at opposite ends of said body of laser material and said elec 

' trodes are disposed in parallel adjacent said reflective sur 
faces. 
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3. The semiconductor laser as claimed in claim 2 wherein 

each of said electrodes is divided into a plurality of sections. 
4. The semiconductor laser as claimed in claim 1 wherein 

said re?ective surfaces are formed in parallel with each other 
at opposite ends of said body of laser material and said elec 
trodes are disposed along and adjacent to the longitudinal side 
edges of said body. 

5. The semiconductor laser as claimed in claim 1 wherein 
said re?ective surfaces are formed in parallel with each other 
at opposite ends of said body and said electrodes are disposed 
adjacent the opposite ends and longitudinal side edges of said 
body. 

6. The semiconductor laser as claimed in claim 1 wherein 
said re?ective surfaces comprise two totally re?ective surfaces 
intersecting at a right angle and a third re?ective surface 
which makes an angle of 45° with respect to said two totally 
re?ective surfaces and through which the laser output is 
derived, and said electrodes are disposed adjacent said totally 
re?ective surfaces and said third re?ective surface. 

7. The semiconductor laser as claimed in claim 1 wherein 
said pumping input applied to said body of laser material is a 
pulsed input and wherein said control voltage is a pulsed volt 
age applied in synchronism with said pumping input. 

8. The semiconductorlaser as claimed in claim 1 wherein at 
least one of said re?ective faces is a partially re?ective face. 

9. The semiconductor laser as claimed in claim 1 including 
two re?ective surfaces formed in parallel with each other at 
opposite ends of said body of laser material, one of said re?ec 
tive faces being totally re?ective and the other of said re?ec 
tive faces being partially re?ective. 

10. The semiconductor laser as claimed in claim 1 wherein 
said pumping input receiving surface is perpendicular to said 
re?ective faces, said electrodes being secured to said pumping 
input receiving surface. ' 

‘it all * Ill ll‘ 


